Solar photochemical means of splitting water (artificial photosynthesis) to generate hydrogen is emerging as a viable process. The solar thermochemical route also promises to be an attractive means of achieving this objective. In this paper we present different types of thermochemical cycles that one can use for the purpose. These include the low-temperature multistep process as well as the high-temperature two-step process. It is noteworthy that the multistep process based on the Mn(II)/Mn(III) oxide system can be carried out at 700°C or 750°C. The two-step process has been achieved at 1,300°C/900°C by using yttrium-based rare earth manganites. It seems possible to render this high-temperature process as an isothermal process. Thermodynamics and kinetics of H 2 O splitting are largely controlled by the inherent redox properties of the materials. Interestingly, under the conditions of H 2 O splitting in the high-temperature process CO 2 can also be decomposed to CO, providing a feasible method for generating the industrially important syngas (CO+H 2 ). Although carbonate formation can be addressed as a hurdle during CO 2 splitting, the problem can be avoided by a suitable choice of experimental conditions. The choice of the solar reactor holds the key for the commercialization of thermochemical fuel production. The impact of global climate change as well as the likely shortage of fossil fuels demand harvesting of energy using renewable sources. Although solar energy captured by the Earth in an hour is expected to satisfy the energy demand of the world for a year, the high energy density and nonpolluting end product renders hydrogen a viable alternative to fossil fuels (1). In this context, conversion of solar power to H 2 and synfuels with the utilization of renewable H 2 O and CO 2 seems to be a sound option. Artificial photosynthesis and photovoltaic-powered electrolysis of water are promising approaches, although their implementation is somewhat restricted because of the low solar-tofuel conversion efficiency (η solar-to-fuel ) of <5% and <15%, respectively (2, 3). The other strategy would be a solarthermochemical process that provides a high theoretical efficiency and enables large-scale production of H 2 by using the entire solar spectrum (4). Research in thermochemical splitting of H 2 O made a beginning in the early 1980s (5, 6) and several thermochemical cycles have been examined. Thermochemical methods come under two main categories, the low-temperature multistep processes and the high-temperature two-step processes. The two-step process involving the thermal decomposition of metal oxides followed by reoxidation by reacting with H 2 O to yield H 2 is an attractive and viable process that can be rendered to become an isothermal process. Thermochemical splitting of H 2 O at low temperatures (<1,000°C) is accomplished by a minimum of three steps as dictated by thermodynamic energy constraints (7, 8) . In this paper we present the highlights of recent investigations of H 2 O splitting by the low-temperature multistep process as well as the high temperature two-step process.
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Low-Temperature Multistep Cycles
Low-temperature cycles are advantageous due to low radiative losses and availability of more heat resources, including nuclear waste heat sources. There has been a good deal of research in the past decades in this area and the performance of a few cycles such as the S-I and S-Br cycles as well as Fe-Cl, Hg-Br, and Cu-Cl cycles is noteworthy (5, 9) . Although they produce H 2 steadily, these cycles suffer from environmental issues associated with the separation of acid mixtures, decomposition of acids, heavy-metal processing, a production of toxic or corrosive intermediates, and so on. Even the most-studied sulfur-iodine cycle suffers from the disadvantage of corrosive intermediates (9) .
Manganese Oxide-Based Cycles. Transition metal oxide-based multistep cycles have attracted attention. One of these is the fourstep cycle based on manganese oxides wherein Mn 2 O 3 reduces to MnO with the evolution of O 2 above 1,500°C, and NaOH then oxidizes Mn(II) back to Mn(III) as NaMnO 2 (s), with the evolution of H 2 above 600°C. The best efficiency for this cycle was 74% and 16-22% considering 100% and 0% heat recovery, respectively, as calculated by Sturzenegger and Nuesch (10) . Volatility of NaOH above 800°C and the high Mn 2 O 3 -to-MnO conversion temperature hinders the practical implementation of this cycle. Instead of NaOH, the use of Na 2 CO 3 for the production of H 2 from redox active MnFe 2 O 4 has been suggested by Tamaura et al. (11) , as shown in Eqs. S1 and S2.
Although this cycle closes below 1,000°C, stoichiometric quantity of O 2 is not evolved due to the incomplete extraction of Na + even in the presence of CO 2 (g). Modification involving the introduction of Fe 2 O 3 as a sacrificial agent has been proposed, but the use of Fe 2 O 3 does not close the cycle either (12) .
Mn 3 O 4 -Na 2 CO 3 -MnO-Based Cycle. In this context, the thermochemical cycle based on Mn 3 O 4 /MnO oxides proposed by Davis and coworkers is noteworthy (8) . The four reactions in this cycle are shown in Fig. 1 (Eqs. S3-S6). Generation of H 2 occurs at 850°C in this cycle ( Fig. 1 ) and the cycle is devoid of corrosive products (8) . Thermal oxidation of Mn 3 O 4 to Mn 2 O 3 is thermodynamically unfavorable, but the use of Na 2 CO 3 drastically decreases the ΔG and forms MnO(s) and α-NaMnO 2 (s) at 850°C with the evolution of CO 2 (g), as shown in step 1 (Eq. S3) (8, 9) . The CO 2 evolution temperature can be decreased drastically (∼600°C) with the use of nanoparticles of Mn 3 O 4 and Na 2 CO 3 obtained with ball milling (Fig. S1 ) (13) . When nanoparticles of both Mn 3 O 4 and Na 2 CO 3 are used (Fig. S1 ), the weight loss occurs sharply below 600°C, releasing ∼100% of CO 2 . During step 2 (Eq. S4), introduction of H 2 O(g) at 850°C oxidizes MnO to α-NaMnO 2 with the evolution of H 2 (g) (8) . The main hurdle in this cycle is the slow H 2 evolution. The rate of H 2 evolution is significantly enhanced by the use of nanoparticles due to their high surface area ( Fig. 2A) . Thus, ball-milled samples show a high rate of H 2 production soon after the entry of H 2 O, with an overall increase of 1.5-2 times in comparison with the bulk samples (13) . Interestingly, the use of nanoparticles effectively brings down the H 2 evolution temperature to 750°C or 700°C as shown for the 60-min ballmilled (MnNa60) sample in Fig. 2B , although the H 2 evolution rate is somewhat slower in comparison with that at 850°C (Fig. 2) . The yield of H 2 at 750°C is ∼40% (over 80 min) with an extended tail due to further H 2 evolution over a period (13) . As shown in Fig. 1 , so the decrease in ΔT window can be permitted at higher T red (7) . Conversely, at lower T red , ΔT has to be higher (7):
Thermal reduction of the oxide and H 2 O splitting have been conducted at the same temperature (T red = T oxd = T iso ) in which the large pressure swing in the gas composition between reduction and oxidation processes acts as the driving force (15) .
Splitting of CO 2 is analogous to that of H 2 O and releases a stoichiometric quantity of CO, making this process useful for the production of syngas (H 2 +CO+CO 2 ) that can be converted into a liquid fuel as the end product. In view of the global climate change due to CO 2 emission, splitting of CO 2 provides an additional means of cutting its concentration. The important distinction between CO 2 and H 2 O splitting is as follows. Above 1,100 K, CO 2 splitting is thermodynamically more favored and gets kinetic advantages of reduction. The water-gas shift reaction (WGS : H 2 O + CO → CO 2 + H 2 ) and the reverse water-gas shift reaction (RWGS : H 2 + CO 2 → CO + H 2 O) appear as alternative approaches to liquid fuel production via syngas production. H 2 production through the low-temperature WGS reaction is thermodynamically favorable due to this cross-over in stability. Maravelias and coworkers (16, 17) assessed the three main thermochemical fuel production systems shown in Fig. S2 . In these systems, syngas is produce via (i) solar CO 2 splitting followed by the WGS reaction, (ii) solar H 2 O splitting followed by the RWGS reaction, and (iii) splitting of CO 2 and H 2 O without the WGS/RWGS reaction. The loss of efficiency of systems i and ii is due to the energyintensive CO 2 /CO separation and to the unfavorable thermodynamics of the RWGS reaction, respectively. The efficiency of system iii is greater than that of the other two because the requirement of CO 2 /CO separation is reduced significantly and the H 2 :CO ratio is set by the distribution of the solar heating units (16, 17) . Two-step cycles can make use of stoichiometric or nonstoichiometric oxides. Stoichiometric oxides can be volatile and nonvolatile oxides during the redox process. Typical volatile cycles are ZnO/Zn, SnO/SnO 2 , In 2 O 3 /In, and CdO/Cd redox pairs that exhibit reversible solid-gas phase transitions during cycling. Volatile cycles are thermodynamically favorable due to the high entropic gain related to the formation of the gaseous product during the reduction (18) . Recombination of product gases is a practical challenge in these cycles and needs to be addressed. In nonvolatile cycles, the redox pairs remain in the condensed state and bypass the problems of product recombination. The Fe 3 O 4 / FeO cycle, first reported by Nakamura (19) , operates at 2,500 K. The melting point of Fe 3 O 4 (1,870 K) and FeO (1,650 K) is lower than the reduction temperature of Fe 3 O 4 , which results in severe coarsening of particles and further deactivates the cycles due to the alternating fusion and solidification of iron oxides (20 (24) . However, because coarsening of ferrite particles is a matter of concern, nanostructuring is not a practical solution. Addition of supports improves the reaction kinetics and solves the sintering of ferrite particles, although it is also not the ideal solution because of heat loss due to the high mass percentages of supports.
Nonstoichiometric oxide cycles are nonvolatile. In step 1 ( Fig.  3) , thermal reduction generates nonstoichiometric compositions; in step 2, the oxygen vacancies are eliminated by reaction with H 2 O or CO 2 . The oxygen exchange capacity is dictated by the nonstoichiometry (δ), which further controls the H 2 production as well as η solar-fuel . Knowledge of the partial molar enthalpy ΔH redox ðδÞ and the partial molar entropy ΔS redox ðδÞ of oxygen vacancy formation as a function of δ allows us to deduce oxygen nonstoichiometry under different p O2 and T (Eq. S9). The equilibrium H 2 yields (n H 2 ) and the molar ratio of the oxidant (n H2O ) needed for that purpose are obtained from a knowledge of ΔG oxd of reduced oxides and ΔG
(Eqs. S10 and S11). The solar-tofuel conversion efficiency is defined by Eq. 2, where HHV stands for higher heating value of the fuel produced:
Furthermore, the solar input energy (Q solar ), which is mainly for heating water (first term) and the redox material from T oxd to T red (second term) as well as creating oxygen nonstoichiometry (third term), depends on solar energy absorption efficiency of receiver reactor (η abs ), as shown in Eq. S12. Tamaura et al. (25) used Ni-Mn-ferrite-based nonstoichiometric two-step cycles (1,073-1,373 K), but the quantity of H 2 produced was small.
CeO 2 and Doped CeO 2 . Chueh et al. (26) and Furler et al. (27) have investigated the two-step cycle based on the reduction of ceria (CeO 2 → CeO 2-δ ). In such a nonstoichiometric cycle oxygen diffusion is higher than the Fe 2+ diffusion in ferrite cycles, rendering the use of porous monolithic CeO 2 in state-of-the-art solar cavity receivers (26) . The Gibbs free energy of CeO 2-δ → CeO 2 oxidation with H 2 O is negative at all accessible temperatures but the drawback is the poor reducibility of CeO 2 . CeO 2 has been modified with several metal ions such as divalent Ca, Sr, and Mg (28), trivalent La, Sc, Gd, Y, Cr, and Sm (29, 30) , and tetravalent Zr, Ti, Hf, and Sn ions (29) . Substitution with Zr 4+ is found to increase the reduction capability significantly (29, 31) . Fig. 4A shows how the partial molar Gibbs free energy of oxygen vacancy formation reduces gradually with increasing Zr content in CeO 2 . However, the Gibbs free energy of oxidation of Zr-substituted CeO 2 is more positive than that of pure CeO 2 , becoming more positive with increasing Zr content ( Fig. 4B ) (32) . The effect becomes more pronounced at high oxidation temperatures. An increase in water Fig. 3 . Schematic representation of the two-step solar thermochemical splitting of H 2 O using nonstoichiometric metal oxide redox pairs and concentrated solar energy. During the endothermal reaction, the metal oxide (MO n ) reduces to oxygen-vacant MO n-δ with the evolution O 2 (g) along with inert gas. In the exothermal step, MO n-δ takes back oxide ions from H 2 O and goes back to initial MO n for cycling with the evolution of H 2 (g).
concentration can promote the complete oxidation of Zr x Ce 1-x O 2 at all temperatures, but there is an energy penalty (32) . A drawback of CeO 2 -based oxides is the poor reducibility even at 1,500°C as well as sublimation of the oxides at high temperatures. Syngas production with CeO 2 by the high temperature two-step cycles has been realized experimentally using the solar cavity receiver setup wherein the variation of the input H 2 O:CO 2 molar ratio changes the H 2 :CO in the range of 0.25-2.34 (27) . 
[4]
High-temperature oxygen nonstoichiometry analysis of La 1-x As shown in Fig. 6A , in the experiments performed with a laboratory-fabricated furnace, O 2 evolution starts at 1,000°C with LaCM50 and is complete within 30 min of reaching the plateau near 1,400°C (99.9995% Ar). O 2 produced by LaCM50 (272 μmol/g) is 1.4 times higher than LaSM50 (193 μmol/g). In particular, LaCM50 produces nearly 42% of O 2 predicted theoretically. The amount of O 2 produced in TGA measurements is slightly higher than that obtained using the laboratory-fabricated furnace due to differences in the reactor dimensions, sample weight, and gas flow rate. Thus, differences in the heat transfer rate and mass diffusion occur, making only a qualitative comparison possible. Interestingly, thermochemical H 2 O splitting carried out at 1,000°C shows the amount of H 2 produced in a span of 100 min by LaCM50 (407 μmol/g) to be greater than that of LaSM50 (308 μmol/g) (Fig. 6B) . However, H 2 production is not complete even after 100 min and exhibits an extended tail over a long duration (36). The slow kinetics of H 2 evolution can arise due to the decrease in chemical diffusivity, changes in the surface reaction , the tolerance factor (τ) of LaCM50 (τ = 0.978) is lower relative to LaSM50 (τ = 0.996) which emulates higher structural distortion in LaCM50 and helps to produce a greater amount O 2 as well fuel (36) . Thermodynamic analysis by Steinfeld and coworkers (37) based on the extraction of partial enthalpy and entropy for oxygen vacancy formation suggests a higher oxygen exchange capacity of LaCM x than of LaSM x and identifies LaCM40 as a promising material. Investigations on La 1-x Ba x MnO 3 perovskites shows the production of O 2 as well as fuel production to be similar or somewhat less than that of LaSM x and LaCM x perovskites (38).
B-Site Substitution in Manganites.
Partially substituted La 1-x Sr x FeO 3 with transition metals such as Cr, Co, Ni, and Cu has been investigated for syngas production using CH 4 and H 2 O as reactants (34, 39) . McDaniel et al. (40) first reported production of nine times more H 2 by Al-doped LaSM x than CeO 2 using two-step H 2 O splitting. A recent investigation by Demont and Abanades (38) finds almost no increase in the performance of LaSM x due to Al doping, whereas a significant increment is reported by Steinfeld and coworkers (37, 41) . Systematic doping of Al from 25 to 50% to LaSM50 perovskites causes increasing oxygen nonstoichiometry and subsequent fuel production, although the CO:O 2 ratio decreases from 1.5 to 1.2 (42) . The performance of the Aldoped sample is stable during multiple cycling. Ga 3+ -(up to 35%) and Sc
3+
-(up to 10%) doped LaSM50 has also been examined for the two-step process, as shown in Fig. S3 (T red = 1,400°C reached at a heating rate of 20°C/min, 99.9995% Ar; T oxd = 1,100°C, p CO 2 = 0.4 atm). Increasing the amount of the +3 substituents (Al, Ga, and Sc) increases the oxygen nonstoichiometry and shows better performance than the parent LaSM50. The effect of the trivalent ions varies as Sc > Ga > Al (42) . Overdoping decreases the fuel production, although CO production with 25% Ga substitution and 5% Sc substitution is, respectively, 1.5 times and 1.7 times that of the parent LaSM50. The Sc 3+ -doped perovskite shows the best performance due to the enhanced oxygen mobility related to the bigger size of Sc 3+ and higher structural distortion is further applied for H 2 O splitting ( Fig. 7) (42, 43) . The CO:O 2 ratio decreases upon substitution of 25% Ga (∼1.57) as well as 5% Sc (∼1.3) in comparison with the undoped perovskites (∼1.62). The unfavorable oxidation thermodynamics and slow oxidation kinetics could cause this discrepancy. Sintering of these oxide materials observed during high temperature cycling could be a reason for the slow oxidation rate. The production of O 2 starts at 900°C and completes within 40 min after reaching 1,400°C with the total production of 390 μmol/g (percent reduction = 67%). H 2 is detected immediately after the entrance of the H 2 O vapor (T oxd = 1,100°C), with the amount produced in a span of 100 min being ∼250 μmol/g and with an extended tail due to the slow kinetics ( Fig. 7B) (37, 41) . In particular, production of oxygen by Al-doped LaSM x and LaCM x is at least two times higher than that of the undoped manganites at lower oxidation temperature ranges (42) . Al 3+ and Sc 3+ dopants are resistant to carbonate formation, whereas incorporation of Mg 2+ shows greater resistance to sintering (38, 42, 45) . Few other transition metal-(Fe, Co, and Cr) based perovskites also show good fuel production activity (46, 47) .
Changing the Rare Earth in the A-Site. Properties of rare earth manganites depend strongly on the rare earth ion in the A site (48, 49) . Thus, in case of YSM50 (σ 2 = 15.6 × 10 −3 ) reduction starts at ∼860°C, whereas YCM50 (σ 2 = 5.6 × 10 −3 ) starts to get reduced at ∼970°C (50). CO produced on splitting CO 2 (T oxd = 1,100°C, p CO2 = 0.4 atm) is reported to increase with the decrease in the size of the rare earth ion, the highest amount being found with yttrium derivatives. The maximum amount of CO produced by YCM50 (671 μmol/g) at 1,100°C is even higher than YSM50 (571 μmol/g). Interestingly the oxidation yield of YSM50 increases from 59 to 79% by decreasing the oxidation temperature from 1,100°C to 900°C (50) . The fuel production activity of YSM50 has been tested during three different reduction/oxidation temperatures (Fig. S5) . Production of 624 μmol/g and 418 μmol/g of CO occurred on T red /T oxd of 1,300°C/ 900°C and 1,200°C/900°C, respectively, highlighting YSM50 as a potential candidate for energy application (50) .
The H 2 O splitting activity tested in a tubular furnace also shows that the O 2 evolution of YSM50 begins at a lower temperature than YCM50 (Fig. 9A) . Satisfactory H 2 production is also obtained with YSM50 and YCM50 with amounts of 320 μmol/g and 310 μmol/g, respectively, in a span of 140 min (Fig. 9B) . The yield of H 2 during the first 140 min of the reaction arises from the fast kinetic regime, followed by a slower kinetic regime controlled by diffusion (29, 50) .
Carbonate Formation. Alkaline earth metals such as Sr and Ca are prone to carbonation during CO 2 exposure. SrCO 3 and CaCO 3 decompose at ≤940°C, which indicates that weight gain of nonstoichiometric perovskites on passing CO 2 at lower temperatures (<900°C) could be partly due to carbonate formation instead of oxidation alone (45) . Segregated SrCO 3 and CaCO 3 on oxide surfaces are found in microscope images (45) . In situ X-ray diffraction would monitor the real-time changes of oxides under CO 2 exposure (47) . Measuring the produced gases with a gas sensor would be more conclusive. Al 3+ substitution on La 1-x A x MnO 3 (A = Sr, Ca)
suppresses the carbonation significantly, as revealed by thermogravimetric analysis (Fig. S6) (45) . Sc 3+ substitution is also effective for this purpose, because it suppresses SrO segregation (42, 53) .
Reaction Thermodynamics. From the above discussion it can be surmised that perovskite manganites and Zr-doped CeO 2 exhibit high oxygen yields (n O2 ) at low T red . In a practical scenario, η solar-to-fuel depends extensively on n H2O =n H 2 , reduction enthalpy and entropy of oxide ðΔH red , ΔS red Þ, C p,redox , and ΔT (Eqs. S9-S12). Besides ΔG H2O f,T oxd , these parameters depend on ΔH red and ΔS red , which are inherent properties of the material. We find that (i) doping decreases the ΔH red of La 1-x A x MnO 3 (A = Sr, Ca), in the higher δ range of 0.075-0.15 (41) . On the one hand, decreasing ΔH red favors n O2 , decreases T red (decreases η abs ), and favors high η solar-to-fuel . On the other hand, decreasing ΔH red also disfavors ΔG oxd (Eqs. S9-S12) and increases the need of n H 2 O =n H 2 and ΔT (low T oxd ), thereby lowering η solar-to-fuel . Manganites favor the reduction thermodynamics whereas CeO 2 favors the oxidation thermodynamics. To design a material that satisfies both the reduction and oxidation thermodynamics seems difficult.
Reaction Kinetics. Generally, the reduction profile is initially rapid followed by a long extended tail, independent of the oxide. This is determined solely by the heat transfer rate rather than by the kinetics of oxygen diffusion or surface reactions (26) . In contrast, H 2 O splitting kinetics varies with the oxidation thermodynamics ðΔH 0 oxd Þ and the oxide composition. η solar-to-fuel depends on the upper limit of thermodynamic fuel production, considering infinite amount of gas supply and reaction time, but in practice, however, t red and t oxd need to be optimized (55) . (i) For CeO 2 , t oxd << t red and oxidation completes in 1-2 min whereas the H 2 production time of La 1-x Sr x MnO 3 increases monotonically with increasing the Sr content and can take even more than 1 h for x = 0.4, which results in deviation of H 2 :O 2 from 2 (35). Near stoichiometric or slight excess n H 2 O is enough to reach the target amount of H 2 for CeO 2 , although it can be a few orders higher in the case of La 1-x Sr x MnO 3 and increases with x ( Fig. S7) (50) . (iv) Substitution with +3 ions (Al, Ga, and Sc) slows down the oxidation kinetics, resulting in a CO:O 2 ratio less than 2 (42). It seems difficult to ascertain that slow oxidation is solely due to kinetic or thermodynamic limitations.
Bulk oxygen diffusion and surface reaction are factors that control the reaction kinetics of mixed ionic-electronic conductors. The chemical diffusivity (D chem , Eq. S13) and chemical surface exchange constant (k s , Eq. S14) are measured by conductivity relaxation or potentiostatic step methods (56, 57 (27) . These structures are opaque to incident radiation, causing a temperature gradient across the thickness of CeO 2 and retards the reduction rate. In contrast, macroporous structures (foam and honeycomb) have pores in the millimeter range through which deeper, volumetric absorption of solar radiation results in homogenous temperature distribution, although their low surface area retards the oxidation rate. Three-dimensional ordered CeO 2 macroporous structures with interconnected pores show a higher CO 2 splitting rate (>1.5 times) than a nonordered entity (61) . To accommodate dualscale porosity (millimeters and micrometers) reticulated porous ceramic (RPC) CeO 2 has been fabricated, resulting in the highest average and peak η solar-to-fuel of 1.73% and 3.53% for CO 2 splitting (62, 63) . The optical thickness of RPC (e = 280 m −1 ) is two orders lower than monolith structure (e = 40,000 m −1 ) (62). The higher mass loading leads to 17 times more CO production of RPC than the felt in spite of its slow oxidation rate (27, 62) . Perovskite oxides of dual-scale porosity have been used in solid oxide fuel cells and have yet to be used for thermochemical splitting of H 2 O/CO 2 .
Isothermal Cycle
Single-step splitting of H 2 O would seem to be the best pathway but the reaction is thermodynamically unfavorable below 4,300 K (1 bar) (9) . Thermodynamic considerations demand T red > T oxd for a two-step process (7) . Such cyclic rotation between T red and T oxd is accompanied by irreversible heat and time losses and creates thermal stresses on the system. In this context, it is desirable to use isothermal splitting of H 2 O (ITWS) which depends on the large pressure swing in the gas composition between reduction and oxidation processes. Fig. S8A , based on Eq. 5, shows that an ideal isothermal cycle must operate either at high T red , low reduction p O 2 or at high p H2O =p H2 (64):
First, altering any one of these three parameters results in a penalty from others for maintaining η solar-to-fuel , irrespective of the material or the reactor. Second, water thermodynamics dictates that the fuel production per cycle of ITWS is less than twostep splitting of H 2 O (TSWS) (Fig. S8B) . Third, ITWS requires a much higher ratio of fluid input (sweep gas and water vapor) to output products (O 2 and H 2 ) than TSWS, causing an energy penalty (65) . A pumping process has been suggested as an alternative to sweep gas flow but experimental investigations are pending (64, 66) . The calculated efficiency of ITWS remains lower than the TSWS (59, 64) . ITWS has its own list of advantages. Due to the absence of sweeping between T red and T oxd , the efficiency of ITWS does not depend on solid-state heat recovery (SSHR), which not only makes the reactor concept simple but also releases mechanical and thermal stresses. Thermodynamic analysis of ITWS of CeO 2 suggests a η solar-fuel of 10% (65) . Time is the savior in ITWS considering the global reaction rates (55, 59) . In this context, the H 2 production rate of CeO 2 at 1,500°C (9.2 mL·g
) is not less than the rate predicted for TSWS (59) . Finally, high temperature operation of ITWS should minimize the kinetic barrier of oxidation (15) . Recent findings of Davenport et al. (67) show that isothermal cycling of CeO 2 at 1,500°C is limited only by thermodynamic constraints.
Poor reducibility restricts the application of CeO 2 at <1,500°C. Sublimation of CeO 2 and radiative power loss hinder the application even at high isotherm (>1,500°C) (55). La 1-x Sr x MnO 3 (x = 0-0.5) and YSM50 have been used for isothermal decomposition of CO 2 (ITCS) (Fig. 10) and their performance is superior to CeO 2 even at 1,300°C (reduction under p O 2 = 10 −5 atm; p CO 2 = 1.0 atm) (68) . The first cycle establishes the equilibrium nonstoichiometry under CO 2 and from the second cycle onward the CO:O 2 ratio is nearly 2 (Fig. 10A) . The lowtemperature performance of manganites requires higher p H 2 O =p H 2 and a greater need of fluid state heat recovery (FSHR) than CeO 2 (Eq. 5). Manganites are going to get more benefit from high temperature ITWS due to the more sluggish oxidation kinetics than CeO 2 . Above 1,100 K, ITCS yields more fuel than ITWS (Ellingham diagram). Simultaneous variation of both p O 2 and temperature is recommended independent of the materials. Neither TSWS nor ITWS near isothermal is estimated to score the highest η solar-fuel (64) .
Solar Reactor Technologies
Use of the solar thermal route for H 2 O/CO 2 splitting crucially depends on the availability of suitable solar reactors. Construction of solar reactor to satisfy the operational need of different kind of cycles, materials, and temperature regimes has been discussed elaborately in a few reviews (9, 69, 70) . In the case of solar reactors implemented for nonstoichiometric oxide-driven, nonvolatile, twostep cycles, the solar configuration must consist of three basic parts: concentrators, receiver, and reactor. The use of an indirect and direct receiver reactor is discussed in detail in Supporting Information. The oxides can be placed either as regular monoliths (structured reactors) or assembled in a packed/fluidized bed (nonstructured reactors) to promote uniform heat and mass transfer as discussed in Supporting Information (2, 66, 71, 72) . Most of the reactor concepts are devoid of SSHR facilities. Ferrites have been investigated extensively using solar irradiation and there are a few attempts to use CeO 2 in solar reactors. Perovskite oxides have not been executed so far in solar reactors for two-step H 2 O/CO 2 splitting purposes.
Future Outlook and Conclusions
The preceding discussion of the solar thermochemical route of generating hydrogen by splitting water should suffice to convince one that it is indeed a viable method for this important process. There are many challenges and opportunities in this area. Thus, it would be necessary to carry out a large-scale experiment on generating hydrogen by the low-temperature, multistep thermochemical cycle based on Mn(III)/Mn (II) oxides. Investigation of an energy-saving pathway for NaMnO 2 conversion to Mn 3 O 4 is desirable. This is because of the attractive temperature at which H 2 is obtained.
It would be desirable to set up a pilot plant for generating CO and H 2 from CO 2 and H 2 O, respectively. Syngas so produced can be useful for generating organics. The applicability of the two-step or the isothermal cycle depends on SSHR and FSHR, respectively. A reactor that minimizes heat loss through radiation or conduction and avoids a quartz window is desirable. Rare earth manganites would be ideal for the low-temperature reduction process. However, the oxidation thermodynamics of ceria is much superior. It may be useful to explore other oxide materials for the two-step process for a tradeoff between the reduction and oxidation reactions. Thermodynamic analysis of various oxides should be carried out for preliminary materials screening. In practice, efficiency should be calculated taking the reaction kinetics into account. The use of reactant gases should be minimized or their separation from product gases should have to be energy-efficient. Successful integration of vacuum pumping of the reactor should be undertaken. Clever design of solar reactors and use of porous materials can overcome heat transfer-limited reduction. Rapid oxidation kinetics and longevity of materials need to be demonstrated for a large number of cycles. Near isothermal performance with the optimization of temperature difference and of the partial pressures of gases should be carried out, especially with manganite-based perovskites.
